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Together, these observations suggest that behaviorallyAxonal Gap Junctions Send
relevant firing patterns are being replayed during slow-Ripples through the Hippocampus wave sleep, in order to activate cortical areas that could
be used to store memories of the encoded behaviors.
Ripples arise from the high-frequency firing of inhibi-
tory interneurons and phase-locked firing of many CA1
In a paper by Schmitz and colleagues in this issue of neurons. Certain aspects of ripple oscillations are, how-
Neuron, new evidence for the existence of gap junc- ever, difficult to explain. First, the oscillations are so
tions between pyramidal cell axons uncovers a mecha- fast that their coordination across many cells in the
nism for fast neural communication in the hippocam- hippocampus would be difficult to achieve with chemi-
pus. Electrical coupling between axons may be crucial cal synapses, which are relatively slow. Indeed, ripple
during fast oscillations, which have been proposed to oscillations persist in the absence of chemical synaptic
mediate memory consolidation. transmission (Draguhn et al., 1998). Second, ripple oscil-
lations engage large numbers of CA1 neurons, despite
the sparse synaptic interconnectivity of CA1 neuronsOpen any textbook of neuroscience and you will see wiring
and their relatively low firing rates during ripples. Whilediagrams illustrating the circuitry of neural systems. A
interneurons fire at ripple frequencies of 100–200 Hz,common feature of these diagrams is that neurons are
most CA1 neurons fire only one spike in a ripple (seeconnected via chemical synapses. Not surprisingly then,
Figure). Traub’s models offer a solution to these twoenormous effort has been devoted to understanding
problems by positing that gap junctions, which providethe intricacies of chemical synaptic transmission. But
a means for rapid electrical communication, coordinatelurking in the shadows of chemical synapses are electri-
the activity of CA1 neurons during ripples (Traub andcal synapses, mediated by gap junctions. A PubMed
Bibbig, 2000; Traub et al., 1999). Even though CA1 so-search for “gap junction” yields fewer than 5% of the
mata are hyperpolarized by inhibitory synapses, owingnumber of articles resulting from a search for “synapse.”
to rapid firing of interneurons, CA1 cells occasionallyElectrical synapses, while common in the nervous sys-
fire, and this activity can spread quickly through thetem, have been difficult to study and slow to reveal their
hippocampus via gap junctions between axons. In sup-functional secrets (Perez Velazquez and Carlen, 2000).
port of this model, inhibitors of gap junctions wereThat should begin to change, thanks to a study by
shown to block high-frequency ripple oscillations in hip-Schmitz and colleagues, published in this issue of Neu-
pocampal slices (Draguhn et al., 1998). The technicalron (Schmitz et al., 2001).
difficulties of studying gap junctions, however, haveThe study by Schmitz et al. is the most recent advance
kept their subcellular location a mystery.in a series of theoretical and experimental studies spear-
One way to demonstrate coupling via gap junctions
headed by Roger Traub and his colleagues. For several
is to introduce a dye into one cell and observe dye
years, Traub has been constructing computer models
diffusion to coupled cells. Experiments like this have
of the hippocampus, in an effort to understand the revealed that gap junctions among neurons are most
mechanisms behind various forms of synchronous oscil- abundant during early stages of development (Perez
lations observed in this structure. The attention paid to Velazquez and Carlen, 2000). Dyes, however, may not
oscillations (periodic fluctuations of synchronized neural flow from one cell to another as readily as electricity,
activity) is warranted. Oscillations are central to numer- so the absence of dye coupling does not prove the
ous brain functions, including odor encoding and sleep. absence of electrical coupling. Demonstrating func-
Even the Holy Grail of cognitive neuroscience—con- tional electrical coupling via gap junctions is technically
sciousness—has been proposed to involve oscillations more difficult. Usually, intracellular electrodes must be
of coordinated neural activity in multiple brain areas. placed in two different cells; an electrical signal intro-
Traub’s models have focused on a few different types duced into one cell must be rapidly observed in a second
of oscillations in the hippocampus. One type is a high- cell, even when chemical synaptic transmission is
frequency oscillation (100–200 Hz) called a “ripple.” Two blocked. Such demonstrations of functional coupling
observations have led to the hypothesis that ripples have been limited mostly to juvenile animals, but it has
are involved in memory consolidation—the transfer of not been clear whether this is due to an absence of
memories from their temporary home in the hippocam- electrical coupling or simply a low probability of re-
pus to a more permanent home in neocortex. First, ripple cording from electrically connected pairs in adult brains.
oscillations occur while the animal is asleep, specifically, Traub’s models suggested that gap junctions, though
during slow-wave sleep (Siapas and Wilson, 1998). Dur- present in adults, might be hard to find because they
ing this time, the patterns of action potential firing in are few in number. His simulations suggest that each
hippocampus resemble patterns that occurred while the CA1 cell needs to be electrically coupled to as few as
animal was awake and active (Skaggs and McNaughton, two partners to produce coordinated ripple oscillations
1996; Wilson and McNaughton, 1994). Second, the coor- in the CA1 region of hippocampus. Traub also found
dinated activity of many CA1 pyramidal neurons during that the gap junctions contributed to oscillations best
ripples results in widespread activation of hippocampal when they were located on the axons of the CA1 cells;
this location, where action potential transmission is fasttargets (Chrobak and Buzsa´ki, 1996; Ylinen et al., 1995).
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Ripple Oscillations in the Hippocampus In
Vivo and In Vitro
(A) Ripple oscillation recorded in vivo. (Top)
Extracellular recording from the CA1 pyrami-
dal cell layer of the rat hippocampus. The
recorded field potential is filtered at 50–250
Hz. (Bottom) Simultaneous intracellular re-
cording from a CA1 pyramidal neuron. Note
that only a single action potential fires in this
neuron during the ripple. Adapted from Ylinen
et al. (1995).
(B) Ripple oscillations recorded in vitro. (Top)
Extracellular recording from the CA1 pyrami-
dal cell layer of a rat hippocampal slice main-
tained in a low-calcium solution. (Bottom) Si-
multaneous intracellular recording from a
CA1 pyramidal neuron. Note that extracellular
population spikes are associated with some
action potentials and some spikelets in the
intracellular recording. Adapted from Dra-
guhn et al. (1998).
and reliable, would facilitate coordinated activity of py- subtype of connexins mediating the gap junctions
should be identified, as different connexins vary in theirramidal neurons during fast oscillations, despite inhibi-
tion of CA1 somata by an active network of interneurons. biophysical properties. Connexin36 is the predominant
subtype in hippocampus but is expressed mostly in in-The problem, however, was that no evidence existed
for gap junctions between axons in the hippocampus terneurons in adult animals (Deans et al., 2001). Re-
cently, mice with connexin36 knocked out were shown(though they are present in retina [Vaney, 1993]). Further-
more, the models suggested that so few gap junctions to have normal ripples, which remained sensitive to inhi-
bition of gap junctions by octanol (Hormuzdi et al., 2001).are required (even just one or two junctions per axon
are sufficient in the model) that they might be hard to These findings suggest that another connexin may me-
diate gap junctional coupling between the axons of CA1find.
Schmitz and colleagues, however, took advantage of neurons. A candidate is the recently cloned connexin47,
which is expressed in hippocampal pyramidal neuronsa prediction offered by the models: that action potentials
propagating through gap junctions between axons (Teubner et al., 2001).
In Traub’s models, spikelets occur in the soma evenwould sometimes fail to trigger an action potential in
the soma, leading to small “spikelets” in CA1 neurons— when full-sized action potentials occur in the axon. The
failure of the action potential to propagate actively toevents resembling spikes but having amplitudes of just
a few millivolts (Figure). Schmitz et al. found the spike- the soma is largely attributable to inhibition of the soma
by interneurons firing at high frequency during the ripple.lets; as expected, they were triggered by stimulation of
neighboring axons, whereas direct stimulation of the Thus, the low frequency of action potential firing in CA1
cell bodies does not report the high-frequency firing inaxon in the recorded cell produced a full-sized action
potential. Simultaneous recordings from the axon and the axon, at least in Traub’s models. Another possibility,
however, is that spikelets in the soma are also spikeletssoma revealed that spikelets start in the axon and
spread to the soma; furthermore, their appearance in the in the axon. The significant distinction is that individual
CA1 axons may not be firing at high frequency. Axonssoma required sodium channel activation in the recipient
cell. Spikelets were most apparent under conditions that could be firing at the same low frequencies seen in
somatic recordings, but the overall output of the networkoptimized gap junctional connections and smaller when
gap junctions were inhibited by the drug carbenoxolone of CA1 neurons would be at high frequency, with both
the large numbers of active neurons and the phase lock-or by lowering intracellular pH. In an impressive series
of control experiments, the authors showed that carbe- ing of their outputs provided by axonal gap junctions.
These two scenarios would result in dramatically differ-noxolone had no effect on action potentials measured
in the soma of CA1 cells or action potentials measured ent activation of hippocampal targets during ripples,
so it is important that experiments be conducted todirectly from the large presynaptic boutons of dentate
granule cells. Finally, Schmitz et al. used time-lapse distinguish between these two possibilities.
The physiological relevance of Schmitz et al.’s find-confocal microscopy to demonstrate dye coupling be-
tween the axons of CA1 neurons. ings also needs to be tested in vivo. Do spikelets occur
frequently in vivo, or are they unusual events that fortu-Together, these experiments offer strong evidence
that gap junctions exist between the axons of CA1 neu- itously facilitated identification of electrical coupling be-
tween axons? Many of the experiments performed byrons, but questions remain. The anatomical evidence
for axonal coupling is reasonable, but identification of Schmitz and colleagues were done under conditions
tailored to optimize electrical connections. The degreegap junctions between CA1 axons in the electron micro-
scope would be compelling. Furthermore, the molecular of coupling via gap junctions, its regulation, and the
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Schmitz, D., Schuchmann, S., Fisahn, A., Draguhn, A., Buhl, D.H.,occurrence of spikelets in vivo all remain uncertain. Fur-
Petrasch-Parwez, R.E., Dermietzel, R., Heinemann, U., and Traub,thermore, the hypothesis that axonal gap junctions are
R.D. (2001). Neuron, this issue, 831–840.crucial for high-frequency ripple oscillations in the hip-
Siapas, A.G., and Wilson, M.A. (1998). Neuron 21, 1123–1128.pocampus needs to be tested in vivo. Assuming that this
Skaggs, W.E., and McNaughton, B.L. (1996). Science 271, 1870–will be confirmed, what behavioral and neuromodulatory
1873.conditions trigger the ripples, and what turns them off?
Spencer, W.A., and Kandel, E.R. (1961). J. Neurophysiol. 24,The Schmitz et al. study will surely motivate and facilitate
272–285.
studies that address these questions.
Teubner, B., Odermatt, B., Guldenagel, M., Sohl, G., Degen, J., Bu-
Although the gap junctions studied by Schmitz et al. kauskas, F., Kronengold, J., Verselis, V.K., Jung, Y.T., Kozak, C.A.,
are located in axons, their existence will also be of inter- et al. (2001). J. Neurosci. 21, 1117–1126.
est to those who study dendrites. The spikelets ob- Traub, R.D., and Bibbig, A. (2000). J. Neurosci. 20, 2086–2093.
served in this study strongly resemble the “fast prepo- Traub, R.D., Schmitz, D., Jefferys, J.G., and Draguhn, A. (1999).
tentials” previously attributed to dendrites (Spencer and Neuroscience 92, 407–426.
Kandel, 1961; Turner et al., 1993). Although the evidence Turner, R.W., Meyers, D.E., and Barker, J.L. (1993). Neuroscience
for dendritic spikes is not in doubt, some small-ampli- 53, 949–959.
tude spikes observed in vivo could be due to axonal Vaney, D.I. (1993). Proc. R. Soc. Lond. B Biol. Sci. 252, 93–101.
gap junctions. In addition, the model proposed by Traub Wilson, M.A., and McNaughton, B.L. (1994). Science 265, 676–679.
suggests that some of the action potentials contributing Ylinen, A., Bragin, A., Nadasdy, Z., Jando, G., Szabo, I., Sik, A., and
to ripples may remain restricted to the axon, while failing Buzsa´ki, G. (1995). J. Neurosci. 15, 30–46.
to trigger an action potential in the soma and dendrites.
Hebbian plasticity at dendritic synapses may not occur
during such events, because of the need for backpropa-
gating action potentials to invade the dendrites (Magee
Protooncogenes Subserve Memoryand Johnston, 1997). Excitatory synapses on dendrites
are often active during ripples, however, so this would Formation in the Adult CNS
appear to predict a situation where Hebb’s rule might
be violated: the axons of both pre- and postsynaptic
cells may be active, but their coincidence could not be
Studies of the signal transduction mechanisms under-detected, because the hyperpolarized soma prevents
lying learning and memory have provided many newpostsynaptic action potential firing from being conveyed
insights into the molecular mechanisms underlying as-from the axon to the dendrite.
sociative conditioning in mammals. In this issue ofModeling studies motivated the search for gap junc-
Neuron, Gean and colleagues report the discovery thattions between axons and offered clues as to how they
the PI-3 kinase/AKT(PKB) pathway contributes to LTPmight be found. The success of this elegant approach
and the consolidation of amygdala-dependent cuedhighlights the usefulness of models mimicking realistic
fear conditioning in rats.neurons. The identification of gap junctions between
axons, the fast electrical communication they mediate,
and the implication of their importance in mediating fast Several decades of studies of cancer mechanisms have
neuronal oscillations should lead others to continue the led to the identification of key signal transduction cas-
search for these junctions and their molecular machinery cades in oncogenesis. In early studies of rous sarcoma
throughout the brain. As more is learned, we may soon virus-induced cancers, the v-ras gene was discovered
witness the emergence of the electrical synapse as an and termed an “oncogene” for its cancer-inducing ca-
important element in textbook wiring diagrams of the pacity. Shortly thereafter, normal cellular homologs of
vertebrate brain. viral oncogenes were identified and termed “protoonco-
genes,” and, not surprisingly, the normal products of
Nelson Spruston these genes are now known to be critical regulators of
Department of Neurobiology and Physiology cell division. In some instances, protooncogene prod-
Institute for Neuroscience ucts also play the complementary role of inhibiting cell
Northwestern University death by suppressing apoptosis. The picture is emerg-
Evanston, Illinois 60208 ing in the field of oncology that oncogenesis involves
dysregulated cell division and aberrant suppression of
Selected Reading apoptotic pathways, due to mutations in the protoonco-
genes coding for signal-transducing proteins controlling
Chrobak, J.J., and Buzsa´ki, G. (1996). J. Neurosci. 16, 3056–3066.
these processes (Marte and Downward, 1997).
Deans, M.R., Gibson, J.R., Sellitto, C., Connors, B.W., and Paul, D.L.
Tracking down and identifying protooncogenes has led(2001). Neuron 31, 477–485.
to a watershed of new insight into the signal transduc-Draguhn, A., Traub, R.D., Schmitz, D., and Jefferys, J.G. (1998).
tion molecules and mechanisms operating to regulateNature 394, 189–192.
normal cell division. Identified players include the pro-Hormuzdi, S.G., Pais, I., LeBeau, F.E.N., Towers, S.K., Rozov, A.,
tooncogene products ras, phosphatidylinositol-3 kinaseBuhl, E.H., Whittington, M.A., and Monyer, H. (2001). Neuron 31,
(PI-3 K) and its target AKT (named for the transforming487–495.
AKT8 retrovirus strain and also known as protein kinaseMagee, J.C., and Johnston, D. (1997). Science 275, 209–213.
B), the colony stimulating factor receptor (encoded byPerez Velazquez, J.L., and Carlen, P.L. (2000). Trends Neurosci. 23,
68–74. the c-fms protooncogene), neurofibromin (the neurofi-
